INTRODUCTON
The clinical impact of Acute Lung Injury (ALI) and its more hypoxemic form of Acute Respiratory Distress Syndrome (ARDS) is significant, with an estimated 17,000-43,000 deaths per year (40). It is widely believed that improper mechanical ventilation of these patients can worsen ARDS mortality through a process of ventilator-induced lung injury (VILI) (14) . As a result of this concern, investigators have proposed various "protective modes" of ventilation aimed at reducing morbidity and mortality in ALI secondary to VILI (4, 5) . In fact, in a landmark study by the ARDS network, lower tidal volumes and reduced plateau pressures led to a reduction in overall mortality when compared to standard-of-care ventilation (1). However, one potential and undesirable consequence of lower tidal volumes is progressive collapse or "derecruitment" of dependent lung (39) , with the potential for repeated alveolar recruitment and
derecruitment (R/D) over time (41).
There is sufficient evidence to suggest that repeated alveolar R/D can significantly contribute to VILI (23, 24, 37, 44), presumably through a shearing stress-induced trauma to the lung parenchyma when airways and alveoli are repeatedly forced open (37, 41, 44) . Moreover, Slutsky and colleagues have shown that this mechanical injury to the lung can lead to a secondary activation of systemic inflammation, which could potentially lead to downstream multi-organ dysfunction (42) . Steinberg et al. used in vivo microscopy in a porcine ARDS model to support the notion that alveolar instability (R/D) leads to VILI through increased mechanical stress (44) . In addition, added positive end-expiratory pressure (PEEP) can stabilize alveoli, leading to a reduction in alveolar R/D (22, 29) , and a reduction in serum inflammatory mediators (3, 15) . Therefore, if alveolar R/D can be prevented with protective mechanical ventilation there may be both pulmonary and systemic benefits resulting in reduced morbidity and mortality.
One widely espoused strategy to prevent VILI is to "Open the Lung and Keep it Open" (27) . This strategy first requires a recruitment maneuver to open the lung, followed by sufficient PEEP to maintain the lung in its newly open state (4) . Two components believed to be critical to recruiting the lung are the magnitude of the airway pressure increase and the time that the pressure is elevated (6), the latter being the primary impetus for sustained airway pressure elevations during recruitment (4, 9, 31) . As pressure is applied, lung units open according to their critical opening pressure from lowest to highest in a sequence, as defined by the "avalanche theory" of lung inflation (2) . Similarly, the closure of lung units during deflation, or derecruitment, is governed by alveolar critical closing pressure. Importantly, both critical opening and closing pressures are presumed to change appreciably in ALI and ARDS (6).
Animal studies have demonstrated that temporal recruitment occurs during sustained inflation (28, 33) . Understanding the pressure and time dependence of alveolar recruitment is critical to the development of optimal recruiting strategies. Bates and Irvin have developed a mathematical model in which both pressure and time play key roles in the recruitment and derecruitment of lung units (6). Thus, according to this model, alveolar units not only have critical opening and closing pressures, but also characteristic opening and closing times that change in the acutely injured lung (6). This is a novel and important concept that has yet to be fully explored experimentally. We hypothesize that alveolar recruitment does not occur instantaneously when pressure is applied, but rather the recruitment is temporal, continuing gradually as the pressure is sustained.
In this study, we visually recorded the effects of an alveolar recruitment maneuver at both gross and microscopic levels over time in a lavage injured rat lung, and fit these data to a mathematical model of recruitment that incorporates both pressure and time. Recruitment of individual subpleural alveoli was visualized using in situ videomicroscopy. In the same injured lungs, gross recruitment was assessed ex vivo in terms of the amount of atelectasis visible on the pleural surface. We then interpreted these data using a mathematical model featuring distributions of critical opening pressures and opening velocities.
METHODS
Vertebrate Animals: The protocol was approved by the Committee for the Humane Use of Animals at SUNY Upstate Medical University where all the animal experiments were performed. The experiments described in this study were performed in accordance with the National Institutes of Health guidelines for the use of experimental animals in research.
Surgical Preparation: Male Sprague-Dawley rats (n=6), weighing 371.1 ± 20.6 grams received an intraperitoneal injection ketamine (90mg/kg) and xylazine (10mg/kg) with additional dosing as needed to maintain anesthesia. A tracheostomy was established with a 2.5 mm pediatric endotracheal tube. A 5.0 Fr carotid arterial catheter was placed for blood gas analysis (model ABL5, Radiometer Inc., Copenhagen, Denmark) and in-line measurement of systemic arterial pressure (TruWave™, Baxter Healthcare Corp., Irvine, CA). The external jugular vein was cannulated for fluid resuscitation and drug infusion. Paralysis was then achieved with intravenous pancuronium (0.8 mg/kg). After surgical preparation, the animals were placed on pressure control ventilation, PEEP 5cmH 2 O and P control of 15cmH 2 Statistical analyses were performed using a multiple measures Analysis of Variance (ANOVA), followed by pairwise means comparisons using Tukeys post tests (JMP software Version 5 Cary, NC). We accepted a p< 0.05 as statistically significant.
Modeling:
Following the original suppositions of Bates and Irvin (6), the dynamic nature of opening and closing was modeled by associating each lung unit (i.e. single independent segment of open lung) with a virtual trajectory, x, that takes values from 0 to 1. This trajectory does not correspond to any physical quantity or process, yet it is motivated by the considerations of liquid bridge formation discussed previously(6). Movement along the trajectory occurs at a velocity proportional to the difference between the pressure, P, applied to the unit and a critical opening
The unit is either open or closed depending on which extreme of the trajectory, either x = 1 or x = 0, was last visited. The dynamics of the model are governed by probability distribution functions
The experiments reported here involved suddenly elevating a lung from 5 cmH 2 O to a recruiting pressure of P r . This leads to the eventual recruitment of a fraction F(P r ) of the lung given by
where F(5) is the fraction of lung already recruited by maintaining pressure at 5 cmH 2 O for an extended period of time. The fraction of recruited lung at time t, however, depends on how rapidly the individual units move from x = 0 to x = 1. The velocity of movement of a unit along its virtual trajectory is given by Eq. 1, so the time, t o , taken to open a unit with opening pressure
Therefore, for a unit to be open at time t, it must satisfy the two conditions P o < P r and s o > ) (
. If we assume that A and B are independent (that is, the value of s that a unit has does not influence its value of P o ), then
The appropriate distribution for B(s) is less obvious. Bates and Irvin (6) used a hyperbolic distribution for B(s) in their original numerical study, but this is problematic for the analytical development of the model because the integrated area under a hyperbola between 0 and infinity is infinite, which means it cannot feasibly be used as a probability distribution function in Eq. 6.
We therefore decided to make B(s) exponential, as this functional form is also monotonically decreasing but can be scaled to have unity area. That is.
We adapted Eq. 6 for the present study by incorporating the above equation for B(s) and using a functional form for A(P) that was determined from our experimental data Table 1 displays baseline and post injury blood gas measurements, mean arterial blood pressure, respiratory rate, and tidal volume. The pH and PO 2 were significantly lower after injury indicative of ARDS. There were no significant differences in tidal volume and mean arterial blood pressure (Table 1) .
RESULTS

Hemodynamic and Ventilatory Parameters:
Recruitment: Figure Table 2) . A statistically significant increase in the area of recruited alveoli occurred between T0 and T2 at both RP-20 and RP-40. The increase seen during these time points at RP-30 was not significant. There was a continuous gradual recruitment thereafter with all three RPs over the 40-second inflation period (Table 3) . which was not significant. Similar to alveolar recruitment, the majority of gross lung recruitment occurred within the first two seconds of applied pressure with all three RPs (Table 4 ). This increase in gross lung recruitment was only statistically significant between T0 and T2 at PR-40.
There was a continuous gradual recruitment of gross lung with all three RPs over the 40-second inflation period, with a trend toward more temporal gross lung recruitment with RP-40 as compared with RP-20 or RP-30 (Table 5) . RP-40 recruited more gross lung from T2→T40 than did RP-20 or RP-30 (Table 5) .
Modeling: Figure 3 shows the plot of pressure against percent recruitment at 40 s, (a surrogate In the present study, we employed a decaying exponential function for B(s) because it has the same monotonically decreasing characteristic as the hyperbolic function, but has the advantage that it can be scaled to have an area of unity (Eq. 7) and therefore conveniently serves as an analytic expression for a probability distribution function.
The notion that the lung has a distribution of regional opening pressures is not entirely novel. However, whereas other studies have suggested that this distribution is Gaussian (13, 38) , the cumulative distribution of opening pressures in the present study appears to be linear. Of course there is considerable scatter in the data shown in Figure 3 , so we cannot discount the possibility that the cumulative distribution is not exactly linear. However, it is clear from Fig. 3 that the data are certainly not described by a cumulative Gaussian. Also, when a Gaussian distribution of opening pressures was used in the model we were able to simulate recruitmenttime curves that resembled the data as closely as those in Fig. 2C . This implies that the distribution of opening pressures, A(P), was close to being uniform over a wide range of pressure for the rat model of lavage injury we investigated. However, it is entirely plausible that other opening pressure distributions such as the Gaussian may be more appropriate for other different kinds of lung injury, or in other species.
The similarity between the micro-and macro-recruitment during delivery of the RP-40 is striking (Figure 2 , panels A and B), suggesting that near maximal recruitment is achieved at this 
Caveats of the Methods
Only subpleural alveoli can be measured with our in vivo microscopic technique since our depth of field is limited to 70 microns, limiting analysis of dynamic alveolar mechanics to two dimensions. Subpleural alveolar mechanics might differ mechanically from those within the lung parenchyma since there is less structural support of subpleural alveoli. That is, subpleural alveoli are not surrounded on all sides by adjacent alveoli (i.e. one wall of a subpleural alveolus is attached to the visceral pleura rather than another alveolus) and thus these alveoli lose a degree of structural interdependence. Reduced interdependent support may cause subpleural alveoli to recruit at different pressures and with different time-constants than those within the lung (30). Mead et el. though, were able to demonstrate using a lung model that the subpleural and internal alveoli are subjected to equal pressures (30) . In addition to this, Gil et al showed that the alveolar surface area-volume relation was the same between subpleural and parenchymal alveoli (20). Both of these studies support our belief that alveolar mechanics are similar between subpleural and deeper alveoli, and that subpleural alveoli can be used to accurately represent the mechanics of all alveoli.
Another issue is that the suction used to stabilize the alveoli under the cover slip might alter alveolar mechanics. However, we have shown that this suction only slightly increases both alveolar size and stability; alveolar size changed from expiration to inspiration was 1.1% with the suction and increased 8.3% without suction (34) . We acknowledge that our assessment of gross lung recruitment is a somewhat crude, but it is nevertheless practical for helping to 
Conclusion
This study provides direct evidence of the temporal behavior of alveolar recruitment in an animal model of ARDS. The speed, timing and effectiveness of recruitment all depend upon the magnitude of the recruitment pressure and the length of time that this pressure is applied.
Mathematical modeling of our data suggests that the temporal dependence of recruitment in our model of injury is best described in terms of a linear distribution of critical opening pressures and an exponential distribution of virtual trajectory velocities for airspace opening. We believe that our findings further our understanding of the dynamic physiology of alveolar recruitment, which could influence the design and delivery of optimal recruitment maneuvers in the setting of ARDS. This will help to improve lung function while minimizing mechanical stress and potential for VILI. 
